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INTRODUCTION 
Point defects (vacancies and interstitial atoms) are 
introduced into a metal upon irradiation by energetic parti­
cles. The production of such defects is considered to be a 
major part of the damage caused by the irradiation. If the 
irradiation temperature is low enough to suppress recovery of 
the damage the defect concentration will manifest itself as a 
change in some physical property of the material. Electrical 
resistivity, because of its sensitivity and convenience, has 
become the "standard" property used for investigating radia­
tion-induced damage in metals, although other properties such 
as lattice parameter, length, stored energy and magnetic and 
mechanical aftereffect have been used. The electrical resis­
tivity, as measured at some low reference temperature, tends 
to increase with irradiation. By annealing at increasingly 
higher temperatures the resistivity is seen to decrease pro­
gressively. A plot of resistivity versus annealing tempera­
ture often shows discrete stages of recovery, for the most 
part over fairly narrow temperature regions. A derivative 
curve dp/dT against T may be used to locate the peaks of 
these stages. 
The earliest results of this type were found for irradi­
ated face-centered cubic metals, in which five main stages 
have been found. To facilitate the evaluation of these stages 
for various metals they are often classified according to 
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their homologous temperatures, or fraction of the melting 
point (Tjjj) of that metal. Thus, for example, stage III for 
copper, silver, nickel, aluminum and platinum falls at 0.2 to 
0.25 T^. It should be emphasized that this scheme has no 
theoretical basis, so that a recovery mechanism applicable to 
a given stage of one metal may not be so to another. In fact 
controversy does exist over the interpretation of substage Ig 
and stages III and IV. 
Similarly, five recovery stages have been found for 
irradiated body-centered cubic metals. Again, interpretation 
of the annealing spectrum, especially stage III, has not been 
settled. Distinctions have been made between this stage in 
tungsten and molybdenum and in the group VA metals and a-iron. 
The distinctions will be discussed later. 
The bulk of experimental data (1) on stage I recovery in 
tungsten and molybdenum (below 0.0 2 T^) and iron (below 0.06 
T^p, which shows five substages, suggests that the first four 
are caused by the recombination of correlated vacancy-inter­
stitial pairs and the fifth by the free migration of the 
remaining uncombined interstitials. Similar spectra in this 
temperature range have been observed in irradiated tantalum 
and niobium. 
Stage II is characterized by a broad, almost linear de­
crease over the entire range. Burger ejt aJ. (2) have measured 
the reduction of resistivity of tantalum, niobium, tungsten 
3 
and iron up to 400°K following fast neutron irradiation at 4.5 
°K. In the stage II region peaks were found at 125 and 170°K 
for tantalum and at 80, 100, 160 and 190°K for iron. No prom­
inent peaks were seen for tungsten or niobium. The addition 
of oxygen to the tantalum did not alter this structure sub­
stantially, although a small broad peak at 250°K appeared. An 
impurity trapping effect was proposed but the specific mechan­
ism was not given. Takamura et aA. (3) found two small sub-
stages at 120 and 140°K in molybdenum after fast neutron irra­
diation at liquid helium temperature. 
A quantitative theory for stage II recovery in neutron-
irradiated tungsten was developed by Thompson (4) on the 
assumptions that: 
(1) Interstitials and vacancies were produced in equal 
numbers during irradiation, the former being mobile in stage 
I and the latter in stage III (620-720°K]. 
(2) Vacancies, surfaces, grain boundaries, dislocations 
and impurity atoms act as sinks for interstitial trapping or 
annihilation. 
So, at the onset of stage II the fraction of the interstitials 
produced that have not been annihilated are trapped at various 
defects. Thompson then supposed that by raising the sample 
temperature into the stage II region interstitials in shallow 
traps would be liberated, either to be annihilated or retrapped 
at deeper traps. By making judicious assumptions about the 
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contribution of the various defects to the total resistivity 
he was able to get agreement between his model and experimen­
tal results. 
Further evidence for Thompson's model was found by Lomer 
and Taylor (5) who observed the changes in the internal fric­
tion of molybdenum between 45 and 330°K following electron 
irradiations at liquid helium and liquid nitrogen tempera­
tures. The initial reduction of the decrement (A) during 
stage I, followed by a gradual recovery between 90 and 300°K, 
was interpreted as the trapping and detrapping, respectively, 
of interstitials at dislocations. Here the broad character 
of the detrapping over the entire stage was attributed to a 
range of dislocation-interstitial binding energies. 
Irradiated a-iron has been investigated at Brookhaven 
National Laboratory (6) and at Grenoble (7). The former 
group concluded that interstitials migrated freely above 80°K, 
where carbon-interstitial complexes were formed and remained 
stable up to 240°K. The Grenoble group used electrical re­
sistivity, caloriraetry and magnetic aftereffect (m.a.e.) to 
identify several sub-stages between 120 and 300°K. Some of 
the m.a.e. zones were interpreted in terms of interstitial 
clustering and cluster reorientation, the latter tending to 
occur at higher temperatures. The addition of carbon intro­
duced two new m.a.e. zones, for which carbon-vacancy complex 
formation models were speculated. Definite correlations 
between the m.a.e. and resistivity results were not made, 
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however, and the applicability of the interpretations, based 
on magnetic phenomena, to nonmagnetic materials is question­
able . 
Low temperature annealing data for irradiated vanadium 
in the stage II region have not been found in the literature. 
This lack of information is probably due to the difficulty in 
obtaining vanadium in purity comparable to that of the other 
b.c.c. metals. 
More extensive data are available for stage III recovery 
in irradiated b.c.c. metals since its temperature range is 
generally above that of most reactor-irradiation facilities. 
This is not to say that the mechanism of this stage is well 
understood. On the contrary, controversy over its interpre­
tation has existed for several years. The earliest work was 
done on tungsten (4) and molybdenum (8), in which single 
recovery stages were found at 670 and 440°K, corresponding 
to 0.18 T^ and 0.15 T^, respectively. The mechanism of this 
stage in tungsten, in analogy with f.c.c. metals, was attrib­
uted to vacancy migration, while the same stage in molybdenum 
was ascribed to interstitial or vacancy cluster formation. 
More recent investigations have given different conclusions 
summarized as follows: 
1. Vacancies are relatively immobile in this stage. 
2. The recovery likely involves a single-activated 
mechanism due to migration of interstitial impurity atoms. 
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3. Recovery follows bimolecular kinetics, thus ruling 
out more complicated clustering processes. 
Regarding vacancy motion, field ion microscopy annealing 
data were obtained for tungsten by Galligan (9). 
Vacancy concentrations determined for samples irradiated above 
and below stage III in tungsten showed that very little recov­
ery occurred in this stage, the temperature for fifty per cent 
recovery being about 920°K (0.24 . 
The assignment of stage III recovery to intrinsic inter-
stitials was found to be invalid for irradiated a-iron and the 
group VA metals (vanadium, niobium and tantalum). The Brook-
haven study (6,10-13) of a-iron revealed recovery stages at 
about 0.15 T^ and 0.2 T^*, in addition to the lower tempera­
ture recovery cited above. The first peak coincided with the 
carbon Snoek peak decay, thereby indicating, together with 
experimentally determined kinetics, carbon trapping by vacan­
cies. The second peak corresponded to a downward shift in 
temperature of the normal carbon precipitation to some meta-
stable carbide, as seen in unirradiated iron. Only continuous 
resistivity recovery, with no prominent peaks, was observed in 
*The peaks were originally reported at 320°K (0.18 T^] 
and 420®K (0.23 Tm), respectively, as determined from a five-
minute isochronal heating program. From data presented in 
ref. (11) for carbon precipitation in unirradiated iron the 
homologous peak temperatures cited here have been estimated 
to correspond to a sixty-minute program, in order to bring 
them more in line with the discussions of niobium and vana­
dium to be given later. 
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decarburized iron, in contrast to the group VIA metals. 
Results of investigations of stage III recovery in irra­
diated vanadium and niobium are also at variance with the 
proposed models for group VIA metals. In the earliest work 
on niobium Peacock and Johnson (14) found a prominent recovery 
stage at 390°K following neutron irradiation at 310°K. They 
attributed this stage to vacancy migration to either intersti­
tial impurities or radiation-produced defect clusters. 
In a later work (15) on neutron irradiated niobium varia­
tions of low temperature internal friction peak heights fol­
lowing two-hour anneals at temperatures above 338°K were 
observed. The peaks, designated as a and g, were attributed 
to dislocation damping processes and to interactions between 
irradiation-produced point defects and impurity-interstitials, 
respectively. Annealing in the stage III region caused (1) a 
decrease in the a peak height, indicating a trapping of point 
defects by dislocations, and (2) an increase in the 6 peak 
height, showing an increased concentration of complexes. In 
the former case the nature of the trapped defects was not 
specified. 
A more direct measurement of the stage III annealing was 
made by Williams e^t aJ. (16) on neutron irradiated niobium 
containing various concentrations of oxygen. After irradia­
tion at about 320°K resistivity measurements were made on the 
isochronally annealed specimens. A recovery stage at 403°K 
(0.15 Tm) was found. Then, by comparing the isothermal 
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resistivity decrease with that of the oxygen Snoek peak 
height, it was shown, together with several other results, 
that the resistivity annealing stage was due to the migration 
of oxygen to radiation-produced defect clusters. No recovery 
was seen for niobium containing less than four parts per 
million (ppm) oxygen, thus negating any mechanism based solely 
on intrinsic defects. 
Two investigations of recovery phenomena in irradiated 
vanadium, both involving neutron irradiation at 333°K, have 
been reported. Perepezko ejt a^. (17) reported a single re­
covery stage between 373 and 473°K, for which an activation 
energy of 0.8 eV was determined. Since this value was vastly 
different from the established activation energies for migra­
tion of interstitial impurities in vanadium, they concluded 
that the defect responsible for this stage was the vacancy. 
On the other hand, from results obtained for vanadium from 
studies similar to those cited in ref. (16) for niobium, 
Stanley et (18) concluded that the stage was due to the 
migration of oxygen and carbon to radiation produced defects. 
Specifically, they found that: 
1. A larger resistivity decrease occurred for specimens 
with larger oxygen and carbon contents. 
2. A decrease in the oxygen/carbon Snoek peak occurred 
in the same temperature range. 
3. The measured activation energy is 1.2 eV, not 0.8 eV 
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as had been reported by Perepezko et The new value agreed 
with the diffusion energies of oxygen and carbon. 
4. The resistivity dropped below the preirradiation 
value, indicating recovery in excess of that expected for 
purely intrinsic defect annihilation. 
A phenomenon which may be discussed in connection with 
stage III recovery of irradiated group VA metals is that of 
radiation anneal hardening (RAH). This refers to the increase 
in yield stress of an irradiated material following heat 
treatments at temperatures above that of the irradiation. 
This strengthening should be differentiated from that pro­
duced by the irradiation. RAH has been observed in iron (19), 
niobium (20) and vanadium (21,22). In all cases the tempera­
ture range over which it occurs corresponds to stage III 
annealing. 
From the survey it is readily seen that additional infor­
mation was needed on the recovery behavior of irradiated 
b.c.c. transition metals in general and vanadium in particu­
lar. Because of its potential use in high temperature nuclear 
environments, its low induced radioactivity and the lack of 
low-temperature information vanadium appeared as an attractive 
metal for investigation. The installation of a cryostat in 
the Ames Laboratory Research Reactor made it feasible to 
critically study recovery behavior above 80°K. Therefore an 
investigation of recovery effects in irradiated vanadium, as 
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functions of oxygen concentration and fast neutron fluence, 
was undertaken. The purpose of the present study was three­
fold : 
1. To establish the effect of oxygen and fast neutron 
fluence on stage III annealing; 
2. To determine the kinetics of the recovery; and 
3. To obtain information on the annealing spectrum in 
stage II. 
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EXPERIMENTAL PROCEDURE 
Specimen Preparation 
Internal friction and electrical resistivity specimens 
were prepared from two lots of vanadium supplied by the U.S. 
Bureau of Mines, Boulder City, Nevada through the courtesy of 
Dr. T. A. Sullivan. From the first lot, an arc-melted ingot, 
of -160 grams was re-melted into finger form and swaged into 
wire form of 0.094 cm. in diameter. From this length smaller 
sections were cut and electropolished at 10°C to a diameter 
of 0.078 cm, using a polishing solution of 20% sulfuric acid 
and 80% methanol. The individual wires were straightened on 
a tensile testing machine. A fraction of these were annealed 
for one hour at 9 50°C under a vacuum of 2x10 ^ torr. From the 
remaining material specimens were chosen for oxygen doping. 
These were placed in a tube furnace which was subsequently 
evacuated to less than 10 ^ torr at a temperature of 1100°C. 
Dry oxygen was passed over the samples for 16 1/2 minutes at 
a pressure of 10 ^ torr. The samples were homogenized for 
about 30 minutes following the oxygen-diffusion treatment. 
These two groups of annealed samples, whose oxygen con­
centrations are listed in Table 1 were designated the medium 
and high oxygen groups. In an effort to obtain samples of 
lower oxygen content electrolytically refined crystals were 
drawn from the second lot of vanadium. Two 40 gram batches 
were consolidated by arc melting, electropolished, then swaged 
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to .078 cm with intermediate and final electropolishings. 
Straightening of the smaller sections followed as before. 
- 8  They were sealed in quartz tubes under a vacuum of 3x10 torr 
for the anneals. The resulting material was designated as the 
low oxygen group. 
The final internal friction and resistivity specimens 
were cut to 18 and 4.4 cm, respectively. Vanadium potential 
leads were spot welded to the resistivity samples 3 cm apart. 
Substitutional impurity concentrations of the as-received 
material were determined by means of emission spectroscopy. 
The concentrations of carbon were determined by combustion 
analysis and those of nitrogen, oxygen, and hydrogen by vacuum 
fusion analysis on the final specimens. Results of the impur­
ity analyses are given in Table 1. 
Measurement Techniques 
Internal friction measurements were performed on an in­
verted torsion pendulum operating in a frequency range of 0.1 
to 5 Hz. An optical lever system was used to amplify the 
pendulum oscillations, which were detected by a method of 
de Morton et a^.(23) and outlined in the Appendix. There it 
is shown that the damping, or logarithmic decrement, is given 
by 
where t^ is the sweep time at cycle n. The time, period, and 
cycle number were detected by a photoresistor circuit, scaled. 
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Table 1. Impurity concentrations in atomic parts per million 
determined by chemical analyses 
Impurity Lot A Lot B 
Low oxygen Medium oxygen High oxygen 
0 249 460 2510 
N n.d. ^ <36 <110 
C 195 190 284 
H 1500-1800 305 250 
Al <19 <38 
Ca n.d. <37 
Cr n.d. <88 
Cu <17 <13 
Fe 5 <14 
Mg <32 <42 
Mn n.d. <19 
Ni n.d. 22 
Si 73 109 
Ti n.d. <32 
^Not detected. 
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and recorded on a digital printout. 
The pendulum consisted of the specimen, extension shaft, 
moment arm and counterweight. The latter was adjusted such 
that the load on the sample was less than 15 gm. Specimens 
were mounted at room temperature in a strain free manner. 
Oscillations were initiated electromagnetically. The pendulum 
could be operated in a vacuum or a helium atmosphere at tem­
peratures up to 500°C; however the normal operating range was 
between 25° and 350°C. The specimen temperature was measured 
by two copper-constantan thermocouples situated within two 
millimeters of the specimen. A temperature gradient of <1°C 
was usually maintained along the specimen length while the 
average temperature was controlled to +0.5°C. 
The thermocouples were calibrated at the melting and 
boiling points of water and the melting point of tin (231.9°C). 
The curve of temperature as a function of emf for copper-
constantan thermocouples based on National Bureau of Standards 
Circular 561 was then adjusted to these points. The tempera­
ture was held constant at least 15 minutes before readings 
were made. Internal friction data were accurate to +^ 2%. 
Electrical resistivity measurements were made using a 
standard four-probe potentiometric technique. Emf readings 
were taken on a Rubicon six-dial potentiometer, sensitive to 
+ 0.01iiV. Current through the specimen was supplied by a North 
Hills Electronics constant current source. The magnitude of 
the current was calculated from measurement of the potential 
15 
drop across a Leeds and Northrup 0.1 ohm standard resistor. 
A reversing circuit was employed to eliminate the effect of 
spurious thermal emfs. 
Emf measurements were made in liquid nitrogen or liquid 
helium at one atmosphere. Because vanadium becomes supercon­
ducting at 5.0°K it was necessary to destroy the superconduc­
tivity at 4.2°K with a 3500 gauss magnetic field operating 
parallel to the specimen. 
Absolute resistivity values are estimated to be accurate 
to 4^1%, primarily from errors in measuring the specimen diam­
eter. Relative errors are less than +0.11. Thermal fluctua­
tions of the specimens in the liquid nitrogen bath caused the 
resistivity value to drift by amounts up to about 0.008 jaQcm 
over the course of the measurement. 
Anneals were carried out in the following baths: liquid 
nitrogen cooled Freon 12 (-150 to -30°C, controlled to +1®C) ; 
dry ice cooled methanol (-30 to +60®C, controlled to +0.2°C); 
water (60 to 90°C, controlled to 0.1°C) and Dow Corning 550 
oil (90 to 240°C, controlled to 0.1°C). Specimens were im­
mersed in the baths. Temperatures were measured by two copper-
constantan thermocouples located within two millimeters of the 
specimen. 
Irradiations 
Irradiations were performed in the liquid nitrogen cryo­
stat facility in the Ames Laboratory Research Reactor. Speci-
nivîns were immersed in the liquid at a temperature of 83°K. A 
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cadmium envelope was used to shield out 97% of the thermal 
neutrons. Flux determinations were made from measurements of 
5 8 the Y-decay of cobalt-58 induced in nickel by the Ni Cn,p) 
5 8 Co reaction. Nickel foils were included in each package in 
close proximity to the specimens. The flux values determined 
are accurate to an absolute error of 30% and a relative error 
of less than 10%. 
Irradiated samples were kept under liquid nitrogen as 
much as possible in the process of removal from the reactor 
and during storage. Resistivity specimens were mounted on the 
probe under liquid nitrogen. However in some cases, specimens 
were first encased in copper blocks and briefly removed from 
the liquid for attachment of electrical lead wires. Experi­
ments using a dummy sample with attached thermocouple showed 
that the sample temperature rarely rose above 100°K. Samples 
were rigidly attached at one end only to accomodate thermal 
expansion. 
17 
RESULTS 
Preirradiation Results 
To investigate the effect of oxygen on the recovery of 
electrical resistivity in irradiated vanadium it was necessary 
to know some of the physical characteristics of this solute. 
Knowledge of the activation energy of oxygen migration and the 
contributions of oxygen to the resistivity [specific resistiv­
ity) and internal friction [relaxation strength) were of par­
ticular importance. Internal friction measurements utilize 
the well known Snoek effect, in which defects exhibiting 
tetragonal strain in a cubic lattice produce a characteristic 
peak in the damping as a function of temperature. Thus, by 
correlating Snoek peak height and resistivity of specimens 
containing known amounts of oxygen the contribution of oxygen 
to the resistivity, and consequently to stage III recovery, 
could be determined. 
The Snoek mechanism is based on anelastic relaxation of 
point defects in response to an applied periodic stress. Be­
cause the mechanism is thermally activated, having character­
istic relaxation times (x) and activation energies (E), a plot 
of the internal friction versus temperature or applied fre­
quency will show a peak for each relaxing species. The 
internal friction for a single process is given by 
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where is the relaxation strength of the defect, a)=2ir times 
the frequency and is the relaxation time, follows the 
Arrhenius expression 
= Texp(E^/kT). (3) 
will be a maximum for 
(OT^  = 1, (4) 
at which time QT^(max) = A^/2. With two or more species con­
tributing to the relaxation the total internal friction 
becomes 
Q'^  = ZQ:1, (5) 
which is then related to the logarithmic decrement by 
6 = irQ (6) 
Snoek peaks related to oxygen, carbon and nitrogen have 
been found in vanadium (24-26) at 456, 445 and 540°K, respec­
tively, for a frequency of about 1 Hz. The Snoek peak spectra 
of specimens representative of the three oxygen concentrations 
used in this study are presented in Figure 1. Because of the 
proximity of the carbon and oxygen peaks they are unresolvable 
and appear as a single broadened peak. No nitrogen peak is 
observed. 
From Equations 3 and 4 the activation energy for the com­
bined oxygen and carbon relaxation peak was found. Figure 2 
shows the measured frequency plotted against the reciprocal 
peak temperature for the high oxygen specimens. From the 
0.08 
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Figure 1. Logarithmic decrement at equilibrium temperature, showing combined Snoek 
damping peaks for oxygen and carbon in vanadium. Nominal compositions 
in at. ppm: • -247 ppm 0, 195 ppm C; A -446 ppm 0, 190 ppm C; O-2510 
ppm 0, 284 ppm C. 
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Figure 2. Pendulum frequency at oxygen damping peak versus reciprocal peak 
temperature for high oxygen specimens. 
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slope a relaxation energy of 1.23 +.04 eV was calculated. 
The same value was deduced from data for medium oxygen shown 
in Figure 3. This value is in excellent agreement with values 
reported in the literature for oxygen relaxation, as shown in 
Table 2. 
Table 2. Parameters for oxygen relaxation in vanadium 
Investigator Method 
E, 
relaxation 
(eV) 
To, 
relaxation 
time (sec) 
Tichelaar et aj^. (27) Stress 
relaxa­
tion 
1.21 1.2x10'^^ 
Stanley § Wert(25) Internal 
friction 
1.22 8.5xl0"lS 
Powers § Doyle(26) Stress 
relaxa­
tion and 
internal 
friction 
1.26 2.0x10"^^ 
This work Internal 
friction 
1.23+.04 4.2x10"^^ 
3.5xlO"lS 
A diffusion enthalpy for oxygen of 1.28 eV was reported by 
Schmidt and Warner (28), based on the data of Powers and Doyle 
taken between 340 and 460°K, and their electrotransport data 
taken between 1920 and 2100°K. 
The linear dependence of the relaxation strength on the 
impurity interstitial concentration in solid solution is well 
established theoretically and experimentally. The model 
developed by Polder (29) shows that 
5.0 
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Figure 3. Pendulum frequency at oxygen damping peak versus reciprocal peak 
temperature for medium oxygen specimens. 
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= (constant) , (7) 
where C(i) is the solute concentration. The specific relaxa­
tion strength of oxygen is then determined from the slope of 
a curve of Snoek peak heights versus analytically measured 
oxygen concentrations. To this end vanadium wires were resist­
ance heated to 1370°K at a pressure of 1x10 ^ torr. Oxygen 
was admitted until the pressure reached 1x10"^ torr, at which 
the supply was stopped and the pressure allowed to return to 
10 ^ torr. Various oxygen concentrations were attained 
according to the number of times this process was repeated. 
From internal friction specimens cut from the center sections 
of these wires Snoek peaks were measured. The two highest 
peaks measured were decidedly broadened, indicating the pres­
ence of oxygen clustering. Since this effect results in dis-
proportionally low peak heights it was necessary to correct 
the data to give peak heights representative of a single relax­
ation process. These corrections were accomplished by the 
method of Nowick and Berry (30), who generated broadened damp­
ing peak functions based on a distribution of relaxation times. 
From the ratio T2 of the half width of the measured peak to 
that for a single relaxation, which gave the peak broadening, 
it was possible to "work backwards", using the peak functions, 
to arrive at the peak height expected for a single relaxation. 
For the lower peak heights measured sufficient accuracy was 
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gained by using A = 2r2Q~^(max). Those peaks not measured 
at 1 Hz were corrected, using Equation 7, by the factor 
T(peak)/456; where 456°K is the peak temperature found at 
1 Hz. 
The oxygen concentrations of the specimens were then 
measured by vacuum or argon fusion analyses. Figure 4 gives 
the resulting evaluation of the specific relaxation strength, 
AQ = A/C(O) = 0.181 +_ 0.027 per at. percent. This value is 
compared with others reported in the literature in Table 3. 
Table 3. Specific relaxation strength of oxygen in vanadium 
Investigator A^ (per at. percent) 
Powers and Doyle (31) 0.55 
HÔrz(32) 0.161 
Keith and Iverson(33) 0.15 
Hasson and Arsenault(34) 0.168 
Stanley et al. (18) 0.11, 0.15 
This work 0.18 
The extent to which carbon contributes to the combined 
peak is difficult to assess. The carbon peak observed by 
Powers and Doyle decreased from Q"^ =0.0029 to Q ^ =0.0012 
after repeated heat treatments above 473°K, thus indicating 
the precipitation of carbon. From hardness and metallographic 
evidence, Thompson and Carlson (35) indicated the limit of 
solubility to be 0.127 at. percent at room temperature. Al­
though no carbon concentrations were given for Powers and 
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Doyle's data it may be assumed that the minimum amount con­
tributing to this peak was the solubility limit. Then the 
maximum specific relaxation strength would be = 2(.0029)/ 
0.127 = 0.046 per at. percent. 
An indication of carbon contribution to the combined peak 
is the measured half-width. The half-width of a single relax­
ation peak may be found from Equations 2, 3 and 4. Letting 
' _ 1 WT 5 8 in Equation 2, then at half the maximum Q = (A/2)-1/2 
= A 9/(1+0 ), from which 6 = 2+/3. The two values of 0 corres­
pond to the two temperatures defining the half width s 
1/Te^-1/Te2, so with Equation 3 
W = 2.265x10 _ (8) 
° E(eV) 
With E = 1.23 eV the half-width for a single oxygen relaxa­
tion is 0.184x10 ^(°K) ^ . The measured half-widths of speci­
mens from the three oxygen concentration groups showed an 
average value of about 0.20x10 ^(°K) ^, giving a half-width 
ratio T2 of 1.09. Using Equations 2, 3 and 5, the activation 
parameters given by Powers and Doyle (31) for carbon and oxy­
gen, specific relaxation strengths of 0.15, 0.10, and 0.05 per 
at. percent for carbon, and the interstitial concentrations 
listed in Table 1, damping curves were generated. The half-
width ratio for the combined peak, using A^ = 0.10, was 1.09, 
suggesting that 0.10 per atomic percent is a reasonable value 
for the carbon specific relaxation strength. 
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The effect of the carbon peak on activation energy meas­
urements was also observed by generating curves at 0.1, 1 and 
10 Hz and calculating energies from plots of frequency versus 
peak temperature. The surprising result was that although the 
activation energies used were 1.26 and 1.18 eV for oxygen and 
carbon, respectively, the resultant energy calculated from the 
combined peak plot was 1.265 eV, or slightly higher than that 
for the oxygen relaxation alone. From the magnitude of this 
difference compared to the present experimental error it was 
concluded that the measured value of 1.23 eV is that for oxy­
gen relaxation alone. Furthermore, because the oxygen levels 
attained in determining the relaxation strength greatly ex­
ceeded the carbon composition the value of = 0.18 is also 
characteristic of oxygen relaxation alone. Insufficient 
knowledge of either the carbon content in specific specimens 
or the specific relaxation strength prevents quantitative cor­
rections for its effect. Therefore, oxygen concentrations 
have been calculated from the total height of the measured 
Snoek peaks. The resulting average values of 249, 507 and 
2410 at. ppm are in good agreement with the chemically deter­
mined concentrations for the three groups of materials. 
The specific resistivity of oxygen in vanadium, p^, was 
measured to provide an assessment of the concentration in 
individual resistance specimens and, perhaps more importantly, 
to correlate resistivity recovery with removal of oxygen from 
solution as determined by the decrease in internal friction, 
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at the temperature of the Snoek peak. To this end resistivi­
ties of specimens of lot B material cut from wires of known 
oxygen Snoek peak height were calculated from measurements 
made in liquid helium and in liquid nitrogen. Data obtained 
from the measurements in liquid nitrogen were corrected to 77 
°K by using the factor 0.078 yflcm/®K,^ where the liquid nitro­
gen bath temperature was determined from barometric readings 
and the temperature versus pressure data for liquid nitrogen 
given in the book by White (36). From the data shown in Fig­
ures 5 and 6, values of 5.0 ^  0.2 and 5.4 + 0.2 ^ ocm/at. per­
cent were deduced for the specific resistivity at 4.2® and 
77®K respectively. 
Two points concerning these results should be discussed. 
First, the different values of at 4.2 and 77°K violate 
Mattheissen's rule, which states that the impurity scattering 
is temperature independent. Secondly, because Snoek peak 
heights rather than chemically determined concentrations were 
used to obtain Pq the absolute magnitudes may be in error. 
Horz (32) has measured pô at temperatures between 283 and 
1673°K. His values, based on chemical analyses, are shown in 
Figure 7 together with those deduced in the present work. 
Good agreement is seen between his data and the value of 
5.4 yîîcm/at. percent found at 77°K. The correctness of the 
lower value at 4.2®K is impossible to judge from this curve 
without additional data points. Intrinsic resistivities at 
this temperature may be affected by longitudinal magneto-
^C. W. Chen, Ames Laboratory, Ames, Iowa, unpublished 
work. 
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resistance arising from interactions between the applied 
longitudinal field and a nonspherical Fermi surface. Also, 
impurity-enhanced s-d electron scattering may be important at 
this temperature but not at 77°K. A detailed analysis of this 
problem is beyond the scope of this investigation. Because 
all measurements made at 4.2°K were done under identical con­
ditions use of this value should give self-consistent results. 
This is seen by comparing the calculated oxygen concentra­
tions for the three groups of 220, 420 and 2470 at. parts per 
million to the respective values found from internal friction 
and chemical analyses. 
Irradiations 
Pertinent data for the three irradiations performed in 
the liquid nitrogen cryostat are summarized in Table 4. 
Table 4. Fast neutron irradiations performed in the liquid 
nitrogen cryostat 
Designation Irradiation 
time 
(hours) 
0, Neutron 
flux 
(n/cm2/sec) 
for E>1 MeV 
$, Neutron 
fluence 
Cn/cm2) for 
E> 1 MeV 
Low fluence(LF) 
Medium fluence(MF) 
High fluence (HF) 
52 
163 
465 
(407)' 
1.8x10^2 
Z.lxlO^Z 
1.9X1012 
3.5x1017 
l.ZxlolS 
3.1xl0l8 
(2.7x1018)a 
Corrected for high temperature excursion, 
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The temperature was monitored throughout the irradiations. 
It remained constant at about 80°K for the low fluence (LF) 
irradiation, while periodic increases up to about 86°K were 
noted for the medium fluence (MF) irradiation. After 27 hours 
of low temperature irradiations the high fluence (HF) package 
underwent an eleven hour excursion to 650°K, after which 
nitrogen was reliquified and the irradiation continued for 
407 hours. The fluence given in parentheses was determined 
from the irradiation at 80°K after the excursion. This value 
will be used in the discussion of the results. 
Effective Time Calculations 
Unlike data for the unirradiated specimens, those for 
irradiated specimens are time dependent at the annealing tem­
perature. The annealing programs used in this study were 
either isochronal, whereby the specimen was held for equal 
time periods at increasing temperatures, or isothermal, indi­
cating an anneal at a fixed temperature for an indeterminate 
length of time. In either case it was desirable for the 
specimen to reach an equilibrium temperature instantaneously 
upon heating. Since this was not possible experimentally it 
was necessary to correct for the finite heating rate. During 
this heating period the specimen undergoes a certain amount of 
recovery. This recovery is accounted for by calculating the 
time required to undergo this same amount of recovery at the 
equilibrium temperature, i.e., the effective time. The rate 
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of recovery of a defect is proportional to some function of 
its concentration, so that 
-dn/dt = K F(n) = exp(-E/kT)F(n), (9) 
Here n is the defect concentration and the rate constant K is 
expressed in terms of an Arrhenius expression. Integrating 
gives 
^ ^ ^ expC-E/kT) = I (n) (10) 
For equal recovery at two different temperatures, assuming 
to be temperature independent, the term on the left is con­
stant, and 
tj^ exp C-E/kT^ 3 = t2exp (-E/kT2) . (11) 
If the activation energy E is known the effective time t.2 at 
temperature Tg may be found for the actual time t^ spent at 
temperature T^. 
The heating rates at various temperatures in the differ­
ent baths used for resistivity annealing treatments were meas­
ured by means of a dummy specimen with a thermocouple spot 
welded to it. In the torsion pendulum the damping and period 
of a specimen, for which these values were known as a function 
of equilibrium temperature, were measured while it was being 
heated. From these data the temperature was plotted against 
time and a smooth curve drawn through the points. This curve 
was divided into sections approximately linear in time. From 
the average temperature at each time interval an effective 
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time was calculated, using Equation 11. The resulting curve 
of effective time against real time allowed corrections to be 
made. Annealing times given in the following section are 
effective times; the specific corrections used will be cited 
there. 
Recovery Data 
The recovery of the irradiation-induced resistivity for 
17 2 the specimens irradiated to 3.5x10 n/cm (E > 1 MeV), desig­
nated LF in Table 4, is shown in Figure 8. Here the resistiv­
ities measured in liquid nitrogen and corrected to 77°K are 
plotted against the temperatures at which the specimens under­
went one-hour anneals. The preirradiation resistivities are 
designated p^. The oxygen concentrations indicated were cal­
culated from these data. It is seen that the final resistiv­
ities of the high and low oxygen specimens fall below the 
preirradiation value, while that of the medium oxygen speci­
men has decreased to the preirradiation level. The as irradi­
ated resistivity is seen to increase with increasing oxygen 
content. 
Figure 9 shows similar results for the MF specimens, 
"10 7 
which were irradiated to 1.2x10 n/cm (E > 1 MeV). The as 
irradiated resistivities again are seen to increase with in­
creasing oxygen content. However, the extent of the tempera­
ture range over which no recovery occurs in the medium oxygen 
specimen, and to some degree in the high oxygen case, as com-
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pared to the corresponding curves for the LF irradiation, sug­
gests that some annealing has occurred prior to the resistiv­
ity measurements in these specimens. As a check a second 
medium oxygen specimen was measured over this range. The 
results, indicated by the solid squares, show this to be the 
case. In contrast to the LF recovery, none of the MF recovery 
proceeds below the preirradiation level. 
Results of resistivity measurements on the HF specimens 
are shown in Figure 10. The same general trends are seen for 
these curves as were seen in the others. The data for two low 
oxygen specimens with equal preirradiation resistivities show 
excellent agreement over the entire temperature range. Unlike 
the other specimens, these two and the medium oxygen specimen 
displayed a tendency for continued recovery above 470°K. The 
as-irradiated resistivity increase for the low oxygen speci­
mens is higher than that of the medium oxygen, although this 
may be a spurious effect due to inadvertent heating of the 
specimen. 
The derivative curves, dp/dT against T, were obtained by 
graphically measuring the slopes of the smooth curves drawn 
through the data points. Measurements were made at ten degree 
intervals. Smooth curves of these points are shown in Figure 
11 for the three oxygen groups at each of the three neutron 
fluences. The low.oxygen curve for the HF irradiation is the 
average of the two specimens measured. The recovery rate of 
the second medium oxygen MF specimen is seen to merge with 
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that of the first at 333°K, while showing much better agree­
ment with those of the HF and LF specimens. 
With the exception of the low oxygen HF specimens the 
recovery falls into three temperature ranges: Range 1, below 
253°K (0.115 T^) ; range 2, between 253 (0 .115 and 363°K 
(0.165 T^) ; and range 3, between 363 (0.165 T^) and 493°K 
(0.225 T^)• Within these ranges a number of peaks and "shoul­
ders" are seen, at 131°K (0.06 168°K (0.077 213°K 
(0.097 TJ , 313°K (0.14 T^) and 445°K (0.20 TJ. 
Range 1 appears to consist of two prominent recovery sub-
stages, at 168 and 213°K. The absence of the former in the 
high oxygen MF specimen recovery is attributed to inadvertent 
heating above this temperature prior to measurement. Evi­
dence for this was found in the case of the medium oxygen MF 
specimen. Because the substage at 213°K appears as a "shoul­
der" in four of the curves, resolution of a peak temperature 
in these instances is difficult. However, an increase in 
apparent peak temperature, from 200 to 233°K, with decreasing 
neutron fluence, is observed for the high and medium oxygen 
specimens. No peaks at this temperature were observed in the 
low oxygen recovery. For all cases, the magnitude of the 
recovery increases with neutron fluence and, excepting the 
low oxygen and MF high oxygen results, with oxygen concentra­
tion. 
An activation energy determination was made for the 168°K 
substage using the ratio-of-slopes technique. From Equation 9 
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and assuming p to be proportional to n, 
-dp/dt = FCp)K^exp(-E/kT). 
The decrease in resistivity of a single specimen is then meas­
ured as a function of time following anneals at two tempera­
tures and T2. The endpoint of the first isotherm is the 
beginning of the second, so at this junction = P2 and con­
sequently F(p^) = F(P2). Therefore 
(dp/dt), exp(-E/kT,) -, . 
(dp/dt) 2 = expC-E/kTg) ^  exp[-(E/K)(^ " ^ 
and from measured values of the isothermal slopes at the two 
temperatures the activation energy may be found. In Figure 
12 two isotherms at 158.4 and 177.6°K are shown, from which a 
single ratio-of-slopes calculation yielded an activation 
energy of 0.41 ^  0.04 eV. Exhaustion of the. recovery after 
the second isotherm prevented the calculation of more energy 
values. 
To corroborate this value, the measured annealing times 
at the two temperatures were converted to effective times at 
168°K, using the measured value of the activation energy. 
The resistivity values then fell on a single continuous curve. 
The results are shown in Figure 13, where the normalized 
resistivity, 
X = [p(t)-P(oo)]/[P(o)-P(œ)] , (13) 
is plotted against the effective annealing time. The smooth 
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Figure 12. Resistivity measured at 77°K as function of time at 158.4 and 177.6°K 
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curve is calculated from the empirical expression 
X = exp[-(2.94xlO 
No information on the kinetics of the 131° and 213°K 
substages was obtained. 
Range 2 seems to consist of single or double recovery 
substages with peak temperatures falling between 303 and 320°K. 
A decrease in peak temperature with increasing oxygen content 
is seen for the LF and HF specimens, while an increase is seen 
between the medium and high oxygen MF specimens. The broad 
recovery peak found in the low oxygen MF and HF specimens 
overlaps the boundary between ranges 1 and 2. As with range 1, 
the magnitude of the recovery in range 2 increases with neu­
tron fluence for the medium and high oxygen cases. The diffi­
culty in determining the extent of the latter recovery range 
in the low oxygen specimens makes the assessment of the flu­
ence dependence within this group impossible. 
In Figure 14, the resistivity decrease occurring in range 
2 is shown as a function of the impurity content, as mani­
fested by the preirradiation resistivity measured at 77°K. 
The temperature limits of range 2 were taken from the minima 
in the isochronal derivative curves. The magnitude of the 
resistivity recovery at this range was subsequently determined 
from corresponding points on the isochronal curves. Error 
bars resulted from assuming an error of ^  10°K at each limit. 
Because the lower temperature minima of the low oxygen curves 
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fell approximately 70°K below those of the other two groups, 
the resulting resistivity decreases for the low oxygen group 
were anomalously high. For this reason these points were 
neglected and straight lines have been drawn somewhat arbi­
trarily, between the medium and high oxygen points. The 
slopes of these curves, assuming linearity to hold as a first 
approximation, are seen to increase with increasing neutron 
fluence. This behavior suggests a recovery mechanism based 
on interactions between impurities and radiation produced 
defects. To obtain the fluence dependence values of Ap were 
picked off the straight curves at constant and plotted 
against S. Two curves, for preirradiation resistivity values 
of 2.60 and 3.50 viîîcm, are shown in Figure 15. The fluence 
dependence in this range is nonlinear; however, no saturation 
is observed. Both sets of data follow the relation Ap = 
[4.5+5.8pQ)xl0"14@2/3^ where p^ = (P^-Z. 32)uf2cm is the pre­
irradiation residual resistivity. 
Activation energies for this recovery range were deter­
mined by using the ratio-of-slopes method. The data for a 
high oxygen HF specimen are shown in Figure 16. The times 
spent at each indicated temperature are given on the abscissa. 
The resulting activation energies, from 0.69 to 0.90, are 
estimated to be accurate to within ten percent. A tendency 
toward higher energies with increased temperature is seen. 
Attempts were made to fit the isothermal data points to 
a single curve at 313°K using activation energies of 0.7, 0.8 
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and 0.9 eV. The best results were obtained with E = 0.9 eV 
and are shown in Figure 17. In calculating the normalized 
resistivity a value o£ 1.33 ^Ocm was estimated for p(o). From 
data subsequently taken at 416°K on this specimen an initial 
resistivity for this recovery stage of 1.128 yficm was deter­
mined. This value was then used as the final resistivity 
PC"). The data points are seen to fall on an empirical curve 
of the form X = exp[-(2.89xl0"^t)1/^]. Some deviation from 
this fit in the early part of the recovery may be caused by 
a subsidiary recovery stage, as suggested by the lower activa­
tion energies found for this portion of the recovery, and the 
presence of a shoulder on the low temperature side of the main 
isochronal peak in Figure 11. 
An isothermal anneal performed on a low oxygen LF speci­
men at 328.4°K produced results similar to those cited above. 
The normalized resistivity at 4.2°K is plotted against anneal­
ing time in Figure 18. These measurements followed a one hour 
anneal at 271°K, resulting in a resistivity of 0.236 yncm. 
This value was used as p(o). An effective time correction of 
ten seconds has been subtracted from each data point. The 
final two data points, resulting from successive one hour 
anneals at 353.1°K, were converted to effective times at 
328.4°K using E = 0.9 eV. A good fit to the empirical expres­
sion X = exp[-(0.104)t®*was obtained, although as before 
some deviation in the early course of the anneal is seen. 
In contrast to these two cases an isothermal anneal of a 
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high oxygen MF specimen carried out at 313.2°K yielded data 
which fit a curve of the form X = exp[-(2.74x10 ^)t^'^^], as 
shown in Figure 19. All the data resulted from anneals at 
the indicated temperature. The initial resistivity was deter­
mined by a linear extrapolation of p against t to zero time. 
The magnitude of the recovery was 0.050 pOcm comparable to the 
0.060 yîicm resistivity drop occurring between 304 and 337°K 
in the isochronally annealed specimen-
Referring to Figure 11, it is seen that recovery in range 
3 generally appeared as a single stage between 353 and 380°K 
to about 490°K. Exceptions to this scheme occurred in the 
medium oxygen HP and LF specimens, where a small peak appeared 
at about 373 and 391°K respectively. A small "shoulder" ap­
peared at about 373°K in the high oxygen HF specimen, though 
this may be an artifact. Above the primary peak a second peak 
is seen in the low oxygen HF curve at 5G0°K, while the medium 
oxygen HF curve tends toward this behavior. The resistivity 
change in all other specimens has reached zero at this temper­
ature . 
The major peak temperature decreases with increasing neu­
tron fluence at all oxygen levels. At constant fluence it 
decreases with increasing oxygen content. Nevertheless the 
temperature range of the major peak falls between 433° and 
453°K, or about 0.2 T^. The height of the peak increases 
with oxygen concentration and neutron fluence. However, the 
magnitude of the resistivity decrease does not always follow 
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Figure 19. Normalized resistivity measured at 77°K for a high oxygen specimen 
irradiated to $ = 1.2x10^® n/cm2 (E > 1 MeV) and annealed at 313°K. 
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this pattern. The dependence on oxygen concentration and 
neutron fluence will be discussed later. 
Activation energies for this stage were determined by 
the ratio-of-slopes method. Figure 20 shows the results for 
a high oxygen HF specimen, where the isothermal anneals were 
performed between 416.8 and 462.8°K and resistivities measured 
at 4.2°K. An average energy of 1.1 +^0.1 eV resulted. The 
same result was found for a low oxygen MF specimen, where 
between 409.2 and 473.3°K values of 1.25, 1.06, 1.10 and 0.98 
eV were obtained. 
An alternative method for determining the activation 
energy is that devised by Meechan and Brinkman and outlined 
in the book by Damask and Dienes (37). Using Equation 10, let 
the fractional recovery occurring during a fixed time at some 
temperature T^^ be 
ICn^-n^) = At^ exp(-E/kT^). 
The sum of these I's obtained by successively increasing T^^ 
then gives an isochronal recovery curve. From an isothermal 
anneal at T^, the same fractional recovery is given by 
I(n2-n^) = Atexp(-E/kT^). 
In these expressions the subscripts c and i denote constant 
and variable parameters, respectively. Equating these two 
equations and taking logarithms gives 
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from which E is found. 
Isothermal anneals at 448°K were performed on specimens 
from the high and low fluence groups. Results for the high, 
medium and low oxygen HF specimens are shown in Figures 21, 
22 and 23, respectively, where the resistivity measured at 
4.2°K is plotted against the time at 448°K. Resistivities at 
annealing times greater than 25,000 seconds have been esti­
mated from measurements made in liquid nitrogen. To use the 
Meechan-Brinkman analysis the isochronal and isothermal re­
sistivity decreases were converted to the normalized resistiv­
ity using Equation 13. For the high and medium oxygen iso­
chronal data the resistivity at 353°K marked the beginning of 
the recovery. For the low oxygen specimens the average value 
at 388°K was used. The final value was chosen at the point 
of the recovery minimum at 463°K. From Figure 21 it is seen 
that some uncertainty exists in the choice of p(»). This is 
-1 
reflected in the resulting plot of At^ against T^, in Figure 
24, where the error bars represent values obtained using final 
resistivities of 1.088 and 1.076 yîîcm. From the average 
values of At^ thus found activation energies of 0.83 eV below 
429°K and 1.85 eV above this temperature were calculated. 
Because of the large errors this latter value holds little 
significance other than to indicate a shift to a higher acti­
vation energy. It is interesting to note that the two temper­
ature ranges involved fall respectively below and above the 
recovery peak at 433°K. The low oxygen data gave somewhat 
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similar results, with activation energy values of 1.C3 and 
1.77 eV occurring below and above 418°K, respectively. Re­
sults for the medium oxygen specimens were affected by the 
presence of a small initial recovery substage, seen as a peak 
at 373°K in the isochronal curve and as a resistivity drop at 
about 15 0 seconds in the isothermal curve of Figure 22. The 
resulting Meechan-Brinkman analysis is shown in Figure 25, 
where an energy of 1.20 eV was calculated for points between 
424 and 419°K. Unlike the two previous cases this range en­
compasses the recovery peak. Insufficient data were avail­
able to calculate an energy for the substage. 
Anneals at 448°K were also performed on the low fluence 
specimens. Figures 26, 27 and 28 show the time-dependent 
resistivity decreases of the high, medium and low oxygen 
specimens, respectively. Meechan-Brinkman plots, utilizing 
the normalized resistivity, yielded straight curves over the 
entire temperature ranges studied. Activation energies of 
1.4 eV for the high oxygen, 1.2 eV for medium oxygen and 1.3 
eV for the low oxygen cases were found. 
The results of the activation energy analyses for this 
recovery range are summarized in Figure 29, together with 
those values found for the lower ranges. 
To examine the contribution of oxygen to the recovery in 
range 3 the isothermal decrease of the oxygen Snoek peak was 
measured. For each specimen the inertia member of the pendu­
lum was adjusted to produce a peak temperature of approxi-
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mately 448°K. Prior to annealing at this temperature a two 
hour situ anneal at 350°K was performed to obtain nearly 
the same thermal treatment as the isothermally annealed re­
sistivity specimens. After cooling to room temperature, the 
specimens were heated to the Snoek peak temperature, at which 
damping measurements were made. The internal friction data 
for the low and high fluence irradiations are presented in 
Figures 30 and 31, respectively. Representative error bars 
indicate the estimated accuracy of + 2%. The damping values 
shown include a background which was found to decrease during 
the course of the 448°K anneal. This decrease, which amounted 
to about 0.0016 for the low oxygen specimens, 0.0011 for the 
medium and 0.0003 for the high, was assumed to occur in pro­
portion to the damping decrease. This total damping decrease 
was thus reduced accordingly to give the time-dependent Snoek 
peak reduction, i.e., at some fraction f of the total damping 
decrease an amount equal to that same fraction of the back­
ground damping decrease was subtracted. The effective time 
was found by subtracting 340 seconds from the times given with 
the exception of the high oxygen HF specimen where 240 seconds 
was used. This lower effective t(o) resulted from a delayed 
starting of the timer. 
To compare the isothermal resistivity decrease with the 
oxygen Snoek peak decrease both sets of data from comparable 
specimens were converted to decrease in oxygen concentration 
in solid solution. The respective values of the log decrement 
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and resistivity were determined by extrapolation of the exper-
1/2 imentally measured values against to zero effective 
time. This was found to be linear over the early stages of 
the annealing. The resulting values of ô(o)-ô(t) were con­
verted to AC using 
AC(at. ppm) = [ô(o)-6(t)](T^^^/456) -
The resistivity values were converted using 
ACCat. ppm) = rpCo)-p(t)] . 
Figures 32 (low fluence) and 33(high fluence) compare these 
data. In spite of the scatter in the damping data good agree­
ment is seen between the two sets of data for each specimen 
type with the exception of the medium oxygen LF case. The 
reasons for this discrepancy are not known. In contrast, 
the medium oxygen HF resistivity curve drops below the damping 
curve. 
The amounts of oxygen removed from the solid solution, as 
measured in these experiments, are shown in Figure 34 as a 
function of total oxygen concentration. Included in this 
figure are the concentration decreases determined from the 
isochronal resistivity recovery curves of Figures 8-10. Also, 
the results of damping measurements made at 448°K on two 
medium fluence specimens are shown. Isothermal resistivity 
measurements on their counterparts were not made, however 
excellent agreement is seen between the high oxygen damping 
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and isochronal resistivity results. The low oxygen specimen 
shows the same solute reduction as the high fluence damping 
specimen, but greater than that of the medium fluence low 
oxygen isochronal specimen. 
The dashed line in the lower left of the figure is the 
limit of total solution oxygen depletion. The apparent viola­
tion of this limit is by the two isochronally annealed low 
oxygen HF specimens, for which the magnitude of recovery was 
calculated from the resistivity drop between 383 and 483°K 
(cf. Figure 11). This anomaly could be due to incorrect pre-
irradiation measurements, an increase in oxygen content as the 
result of the irradiation temperature excursion, or recovery 
by a mechanism other than oxygen trapping. The isothermal 
recovery, taken to completion at 5x10^ seconds, shows a 
greater recovery than the corresponding internal friction 
specimen. The resistivity recovery at 10^ seconds, at which 
time the Snoek peak has stabilized, is indicated by the half-
shaded triangle. Generally, the medium and high fluence 
specimens show about the same recovery at comparable oxygen 
concentrations, while the low fluence specimens show smaller 
recovery overall and a weaker dependence on concentration. 
It was mentioned that the background damping decreased 
during the 448°K anneal. In fact, a characteristic feature of 
the irradiated material was an increase in the background as a 
result of the irradiation, followed by recovery during the 
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annealing at 355 and 448°K. The nature of this background 
change is seen in Figure 35B, where the unirradiated back­
ground damping contrasts sharply with that of the irradiated 
and annealed specimen. The small peak at 520°K is near the 
nitrogen Snoek peak position. In Figure 35A post-anneal 
curves of low oxygen specimens irradiated to the three neutron 
fluences show an identical background for the medium fluence 
case and a higher one for the high fluence case. This damp­
ing appears to be the tail of a high temperature peak. Al­
though the high temperature damping was not investigated 
systematically, measurements made on the low oxygen HF speci­
men up to 768°K revealed a broad peak at about 700°K. The as 
irradiated room temperature damping increase in the high 
fluence material was two to four times that of the two lower 
fluences. From 40 to 100% recovery occurred during the 355°K 
anneal, while an additional 20 to 30% occurred during the 
448°K anneal. The net post anneal increase rose from about 
zero for the high fluence material to 2x10 ^ for the medium 
- 4 
and between 3 and 8x10 for the low. 
To obtain some kinetics for the recovery in range 3 the 
isothermal resistivity data were subjected to several analy­
ses. In the first, it is assumed that all untrapped defects 
remaining in the specimen contribute to the annealing. Thus, 
the resistivity at the beginning of the anneal is proportional 
to the total concentration of interstitial impurities [pri-
77 
0.008 
0.00 6 
0.004 
w  
S 0.00 2 
LLI 
cr 
O  
S  0  
0.00 8 
0.006 
0.004 
0.00 2 
BACKGROUND DAMPING IN 
NEUTRON IRRADIATED 
LOW OXYGEN SPECIMENS 
FOLLOWING 448°K ANNEAL 
$(n/cm ) 
o 3.5xl0'^ 
a 1.2 X lO'® 
û 2 . 7 x  1 0 ' ®  
LOW OXYGEN 
o UNIRRADIATED 
Û IRRADIATED, FOLLOWING 
448®K ANNEAL 
B 
300 400 500 
TEMPERATURE (°K) 
600 
Figure 35. A. Residual oxygen Snoek peak and background fol­
lowing neutron irradiation and 448°K anneal. B. 
Low fluence curve from Fig. 35A compared to pre-
irradiation Snoek peak and background. 
78 
marily oxygen) and the remaining radiation-produced defects, 
and that clusters of defects do not contribute significantly 
to the resistivity. In the second analysis, it is assumed 
that annealing only affects the oxygen. The third analysis 
involves the existence of a particular species of defect which 
recovers completely during the course of the anneal. Each of 
these functions was then treated in terms of the empirical 
expression 
f = 1 - exp[-Cat)^] (15) 
where f is the fraction recovered. 
To determine n, the factor log[-ln(l-f)] was plotted 
against log t. The three cases were treated as follows: 
Case 1. f = [P (o)-P(t)]/p(o) 
Case 2. f = [p(o)-p(t)]/P q 
Case 3. f = [p(o) -p (t) ] / [P (o) -P («>) ] . 
Here, p(t) is the resistivity at any time t and PQ is the pre-
irradiation resistivity. All three cases yielded values for 
the exponent n of between 0.4 and 0.6, however case two gave 
slightly more consistent results with an average n value of 
0.47 2 0.02. In addition, the range of recovery times over 
which Equation 15 applied was greatest for case tv-'o. The re­
sults for this case are shown in Figure 36, where for clarity 
the ordinate for each curve has been shifted with respect to 
the others. The low fluence specimens show little or no 
effect of a transient, following a linear dependence on log t 
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beginning at six to eight percent recovery. The high fluence 
curves show linearity at 12 to 23 percent recovery. This 
latter value, for the medium oxygen specimen, resulted from 
the relatively large substage seen in Figure 22. For each 
fluence, the linearity begins and ends earlier with increas­
ing oxygen content. The time coefficients, a, calculated from 
the linear fits to the data, are seen to decrease with in­
creasing oxygen content and with decreasing fluence. 
Because the data do not fall on the exponential curve 
throughout the recovery, an alternative form to Equation 15 
may be used, where for small (at)^ 
f = 1 - 1 + (at)* = (at)*. (16) 
This form was in fact found to fit the data, giving an aver­
age n value of 0.45 ^0.03, but over a narrower range of 
annealing time. 
Equation 9, with F(n) = n^, describes the chemical reac­
tion rate when y, the reaction order, is integral. Attempts 
were made to obtain values of y by plotting log{d(1-f)/dt} 
against log (1-f) for cases two and three. In all the analy­
ses tried linear plots over the entire recovery range were not 
found. Because only a fraction of the oxygen content is re­
moved from solution during the recovery it is not expected 
that analyses using case two should give meaningful results. 
This was the case, where y values between 3 and 60 were found. 
Using f based on case three, a continuously decreasing y with 
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increasing recovery was found for the low fluence specimens. 
Taking the slope at an arbitrary value of 90% recovery yielded 
an average reaction order of 1.3. For the high fluence speci­
mens linear slopes were found over the lower half of the re­
covery curves, yielding reaction orders of 2.7, 0.9 and 1.2 
for the low, medium and high oxygen material respectively. 
These non-integral reaction orders are consistent with the 
time dependence found, which does not follow from simple 
first; second or third order kinetics. 
In summary, from isochronal annealing of neutron induced 
residual resistivity recovery stages were found at 168, 213, 
310, 370-390, and 440°K. All isothermal recovery for which 
kinetic analyses were made followed the form 
X = exp[-Cat)^], 
where X is the fraction of the stage remaining at time t. In 
all cases, n < 1. For the 440°K stage the recovery could be 
correlated to the removal of oxygen from free solid solution. 
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DISCUSSION 
From the results obtained it is impossible to conclusive­
ly assign detailed models to the observed recovery stages in 
ranges 1 and 2. Initially one should locate and identify 
stages Ijj and Ig, representing correlated, and uncorrelated 
interstitial-vacancy recombination, respectively. Above 
these stages some recovery might be expected as a result of 
release from impurity traps and subsequent annihilation or 
retrapping of interstitials. Also, the magnitude of the re­
covery stages should correlate with the individual trap con­
centration. A third consideration is the identity of the 
deduced activation energies with sum of the interstitial 
migration energy, determined from stage I data, and the inter­
stitial-trap binding energy, determined from calorimetric 
data. To date no irradiations of vanadium at liquid helium 
temperatures have been performed so that the stage I recovery 
spectrum and interstitial activation energy are unknown. How­
ever, recovery studies of Ta and Nb (38,39) indicate several 
prominent peaks below 78°K, suggesting that these correspond 
to stage I recovery involving free interstitial migration. 
Consequently it may be assumed that in vanadium free inter­
stitial migration has occurred during irradiation at 80°K and 
that the observed recovery above 150°K is not due to migra­
tion of free interstitials leading to their annihilation with 
vacancies. 
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Under the assumption of free interstitial migration at 
80°K an attempt was made to fit the as-irradiated resistivity-
increases to the theory of Thompson mentioned previously. 
His model gives the increase in resistivity upon irradiation 
as 
AP = CP|+P;HL-EXPC-C^/B)]C^ + P;C^,  (17)  
where and p^ are the specific resistivities of trapped 
interstitials and vacancies, respectively, is the concen­
tration of vacancies corresponding to interstitials annihi­
lated at sinks of concentration B, and is the concentration 
of traps. The fluence dependence enters through Cy as 
C, = (B+C )([!+ 2Bava ]l/2-l), (18) 
^ ^ (B+C^)2 
where a is the fast neutron cross-section, v the total number 
of Frenkel pairs produced per primary knock-on and @ is the 
neutron fluence. 
-4 For the vanadium specimens used, B is estimated as 10 
1 0  ^ i s  t a k e n  a s  t h e  t o t a l  i m p u r i t y  c o n c e n t r a t i o n ,  a  =  
- 24 2 3x10 cm , and v ~ 600 to 1000. With a measured value of 
r I 
5.4 pOcm/at. percent oxygen in vanadium p^ and each may be 
taken as 5.00uflcm/at. percent. Although the ranges of these 
values allow a fair amount of adjustment of parameters, 
Thompson's model shows too great a curvature in a plot of 
Apirr versus p^ to fit the data. Empirically, however,the 
data can be described fairly well by the relation 
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Ap = 0.26x10 ® /î + 0.16xl0"^^4p^. (19] 
The second term suggests that the concentration of intersti-
tials and vacancies is linearly proportional to the fluence, 
thus little or no saturation has occurred; and that intersti­
tial trapping by impurities has occurred. Let 
Ap = A(@] + (Pt+PyDC^C^. 
With = p^/ pj. and = ov®, we then have 
Ap = AC$) + [(p^+p^)/p^]av$p^. 
Substituting the values cited above gives a coefficient 
- 2 0  
~0.5xl0 , which is lower than the empirical slope by about 
two orders of magnitude. This discrepancy may be rationalized 
by considering the displacement spike formation. In this 
formulation a "shell" of interstitials is formed at some 
radial distance from the path of the primary knock-on, which 
itself constitutes a region of high vacancy concentration. 
In the region of the shell, the interstitial concentration is 
effectively higher than that calculated, so the number trapped, 
and consequently the resistance increase, becomes higher. 
The first term in Equation 19, corresponding to the 
damage in an impurity free specimen, results from the cluster­
ing or annihilation of interstitials at fixed sinks, leaving 
an excess vacancy concentration. Let be this concentration, 
such that dCy = dC^^, where the second term is the intersti­
tial population forming clusters. The vacancy increase will 
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be 
aCy = Cig/Cy dS, 
where is the concentration of free interstitials in the 
spike, and S is the spike concentration. The volume of the 
5 - 5 
spike will include -10 lattice sites, giving ~ vxlO , 
and dS = Gd@, so 
dC^ = J- v o x l O ' S  d $  
and 
=  ( 2 o v x l O " S $ ) l / 2 .  
Assuming that the specific resistivity of the clustered inter­
stitial is approximately that of free interstitials, then 
A ( @ )  =  +  C 2 c r v x l 0  
~ 0.2xl0"^/5, 
in good agreement with the corresponding term in Equation 19. 
In view of the assumptions made, these values should not 
be taken too seriously. However, they do indicate that the 
data are not inconsistent with a model of interstitial trap­
ping at impurity atoms and interstitial clustering in the 
limit of low trap concentration. 
The temperature region between stage I and room tempera­
ture in vanadium corresponds to stage II in the general re­
covery scheme proposed for b.c.c. metals. This stage is not 
well understood, although it is often attributed to associated 
interactions between defects and impurity atoms. The present 
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results indicate a recovery mechanism involving impurities. 
First, the magnitude of the recovery up to about 350°K in­
creases with oxygen content, and secondly, the size and shape 
of the recovery in the low oxygen material, having a large 
hydrogen content, appears to be anomalous. The inconsistency 
of these deviations for different fluences suggests that the 
presence of hydrogen contributes more than just a simple 
trapping-detrapping effect. 
The inclusion into stage II of the range 2 recovery 
peaks, having an homologous temperature of 0.15 T^, is in line 
with the interpretation of stage III presented in the intro­
duction, i.e. while in Group VIA metals recovery at this 
homologous temperature is probably intrinsic, in Group VA 
metals and in a-iron its presence is a function of impurities. 
Thus, this stage in iron was attributed to the release of 
interstitials trapped at carbon (6), while in electron-irradi-
ated niobium Pichon et (39) ascribed a stage seen at 350°K 
to the rearrangement of interstitial-carbon complexes. How­
ever, in niobium irradiated by neutrons at about the same 
temperature (2) (below stage I] no significant annealing stage 
was seen at this temperature. Also, in neither case were 
stages seen between 100 and 300°K. Since the resistance 
ratios were based on different temperatures in these reports 
it is difficult to compare the relative purity of the mate­
rials. However both seem to be more pure than the vanadium 
used in the present study. In comparing these two investiga­
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tions on niobium with vanadium some possible mechanisms for 
the recovery may be postulated: 
1. For electron-irradiated niobium, interstitials that 
do not annihilate vacancies form a fine distribution of rela­
tively small clusters. With very little impurity trapping 
occurring, a correspondingly small amount of detrapping re­
sults up to 300°K. Then, the small clusters conglomerate to 
form larger clusters or dislocation loops at 350°K, with a 
relatively large decrease in the resistivity. 
2. In the neutron-irradiated specimens, a coarser dis­
tribution of larger clusters is formed following stage I. 
Again, the high purity results in no detrapping during stage 
II. Furthermore, by 350°K the relative amount of cluster 
coarsening is much less, yielding a negligible recovery peak. 
3. In less pure vanadium substantial trapping has 
occurred during irradiation, as was indicated above. At 168 
and 220°K detrapping occurs, although it cannot be determined 
whether it is from two oxygen trapping sites alone or from 
oxygen and carbon. The stage at 313°K is then the coarsening 
of interstitial clusters. It was found that the recovery in 
this stage is linearly proportional to the impurity content. 
Since the higher oxygen material has also a higher carbon con 
tent, it may be that this linearity reflects only the latter. 
Such would be the case if the interstitial-carbon (i-c) bind­
ing energy were sufficiently high that detrapping did not 
occur, but rather the i-c complex acted as a nucleus for 
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cluster formation. Without knowing the binding energy, it is 
difficult to establish this mechanism. From Equation 19 one 
1/2 
would expect a fluence dependence of $ for the case where 
the clusters formed during irradiation act as nuclei for 
agglomeration, and a dependence of ® where the i-c complexes 
2 /3 
act as nuclei. The experimentally derived value of 4 sug­
gests that both types of nuclei may exist. 
Turning now to the kinetic data the results of the 16 8°K 
isothermal anneal (Fig. 13) can be explained in terms of 
interstitial detrapping if some assumptions are made. First, 
as was argued above, the microstructure of a damaged zone is 
characterized by relatively high concentrations of clusters of 
interstitial impurities and self interstitials surrounded by 
a region of high vacancy concentration. Second, the intersti­
tial clusters are assumed primarily to be di-interstitials, 
or dimers . The interstitials see first the dimer popula­
tion, where a fraction of them interacts to form tri-intersti­
tials , with the rest migrating rapidly away to annihilate 
vacancies. Let be the concentration of free interstitials. 
Initially, then. 
dC-
3t~ " "^i^i^2i' 
where €2^ is the concentration of dimers and is the rate 
constant. Since the dimers were formed during irradiation 
their concentration is, from 
^ ^ 2 i  ^  
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^ 2 i  1 ^ 1 0 ^ -
Here C. is the instantaneous concentration of free intersti-i p  
tials, so with « 0^0, €2^ œ C? = fC?. Thus, 
= C2fKit+C.Q-2)-l/2_ [20] 
The annihilation rate is then 
^  =  c * K i ( C v o - C i v ) C i .  
where crSCC^^-C^^) is the free vacancy concentration and 
the concentration of interstitials that annihilate. Substi­
tuting Equation 20 and integrating gives 
= exp(^S^)exp{- %9^2fK.t+Ci -2)1/2}. (21) 
^ v o  t ^ i o  ^  1  1 0  
With = ve ^m/kT reasonable values for the various terms 
of V = 10I2 sec'l , E^ = 0.2eV, T = 168°K, = 5xlO"^, 
f = 1, and 0$ = 8x10'^, the right side of Equation 21 approx­
imates to 
2 K - t  - 1 / 2  
exp{-a@(—^—) ' } 
for t > 10 sec. If it is further assumed that the tri-inter­
stitial formation lowers the resistivity only slightly, then 
the left-hand term in Equation 21 gives the measured frac­
tional recovery X. Quantitatively, (aS)^ 2K^/f = 1.3x10 ^ 
sec in good agreement with the experimental value of 
-4. -1 2.9x10 sec 
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No simple clustering models could be developed which 
would yield either the one-third or three-fourths time depend­
ence found for the range 2 recovery. Growth of two-dimension-
al disks or loops at the expense of small clusters would yield 
a first-power time dependence of the recovery, assuming that 
the atoms in the disk interior did not contribute to the re­
sistivity. It is likely that large loop formation constituted 
only a fraction of the recovery, the remainder being limited 
to smaller cluster formation. Electron microscopy results on 
vanadium^ irradiated in the low-fluence package also support 
this conjecture. There a density of ~ 2xl0^^cm ^ was found 
O  
for defects having an average diameter of about 50A. Assuming 
circular loops on close-packed planes a total concentration of 
8x10 ^ is found for clustered interstitials comprising these 
loops. From Figure 15, taking Ap for the higher purity mate-
18 2 
rial at î = 0.35x10 n/cm and assuming a specific resistivity 
of 5.00u0cm/at. percent one obtains concentrations of inter-
- 6 
stitial clusters of 60x10 . This indicates that a substan­
tial fraction of the total interstitial population has clus­
tered into complexes too small to be resolvable in the micro­
scope . 
The recovery observed above 380°K, heretofore labeled 
range 3, has been variously referred to as stage III or 0.2 
T^ annealing- The latter will be used here to avoid possible 
confusion between this recovery mechanism and that of the 
^G. Taylor, Oxford University, Oxford, England, unpub­
lished work. 
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Group VI metals. 
The salient features of the 0.2 annealing observed 
are: the increase in peak height with increasing oxygen con­
centration and neutron fluence; the lowering of the peak tem­
perature with increasing oxygen and fluence; the agreement 
between the isothermal resistivity and internal friction 
annealing curves; and the exp[-t^) dependence of the anneal­
ing, where n is approximately 0.5. 
The most significant of these observations is the corre­
lation between the resistivity and Snoek damping decreases. 
Because the proportionality of the Snoek damping peak height 
to the concentration of impurity interstitials in free form 
in the solid solution is known, the agreement between the 
magnitude of the isothermal resistivity drop and that of the 
oxygen peak indicates that oxygen is the only point defect 
participating in the recovery. The only oxygen-point defect 
interactions available would be vacancy or divacancy annihila­
tion, since all interstitials and diinterstitials presumably 
have been stabilized via clustering. The oxygen-vacancy 
annihilation would reduce the resistivity by per unit 
concentration, which is not indicated by the damping and 
resistivity results. 
The kinetics suggest one-dimensional diffusion to 
saturable sinks. Such might be the case for relatively short 
range migration of oxygen to vacancy or interstitial plate­
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lets. If Cp is the average concentration of oxygen in the 
vicinity of a platelet then the recovery will proceed as 
P 2/TrDt 
where s^ is the surface density of sinks, the interplanar 
spacing and D the diffusivity of oxygen. Integrating gives 
S ° V exp{-Si%i ° exp{-(at)l/2}. (22) 
If equals the initial oxygen concentration in the mate­
rial, then the total recovery will follow Equation 22 as long 
as the conditions assumed are met. It is found from Figure 
36 that this type of annealing accounts for a greater percent­
age of the recovery in the higher fluence material. 
The trap site density that governs the value of a can 
be approximated by 
S q -  [ A / C V c ) 2 / 3 ] ( N ^ ) 2 / 3 ,  
where A is the trap area, represents the total cross-
sectional area, and is the planar site density, with = 
7.2xl0^^cm ^ for vanadium. The "cell" volume varies inversely 
with the fluence as 
so 
S o  ~  A N y 4 / 3 ( G @ ) 2 / 3  ( 2 3 )  
Letting = 2.1A and D = 8x10 ^^cm^/sec (the diffusivity of 
oxygen in vanadium at 448®K) and assuming an average platelet 
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diameter of 20À the calculated values of a for the high and 
- 5 - 1  - 7 - 1  low fluences are found to be 1.6x10 sec and 9.9x10 sec , 
respectively. Good agreement is seen between these values and 
the experimentally determined coefficients given in Figure 36, 
with the exception of the low oxygen, low fluence specimen. 
The observed decrease in a with increasing oxygen content, 
which has not been accounted for, probably enters through the 
average platelet area. Such an inverse relation has been 
observed in neutron irradiated molybdenum (40)• The reason 
for the anomaly in the low oxygen specimen is not known, al­
though the high hydrogen content may be a contributing factor. 
The total trapping site concentration is the product of 
the platelet or loop concentration and the number of sites 
per platelet, so 
Here, the numerator in the right-hand term is the effective 
site volume density. Using the calculated values of for 
the high and low fluences one finds trap concentrations of 
350 and 47x10 ^, respectively. The data of Figure 34 indi­
cate at least order-of-magnitude agreement with these values. 
A more rigorous treatment would allow for the dependence of 
trap concentration and distribution on the impurity content. 
Such a treatment, to be realistic, requires a more concrete 
knowledge of the recovery mechanisms for the lower temperature 
stages, particularly in range 2. 
94a 
Oxygen migration to defect loops or plates probably rep­
resents only one of several simultaneous recovery mechanisms 
operating at this temperature. The increase in damping back­
ground following irradiation and subsequent decrease during 
ranges 2 and 3 suggest a dislocation pinning mechanism. Such 
a process would show agreement between the Snoek peak and 
resistivity reductions, although the kinetics should follow 
an exp(-at) dependence (41). 
Thus far vacancy migration has not been mentioned. In 
vanadium neither the vacancy migration and formation energies, 
nor the self-diffusion energy, is known with certainty. 
Therefore estimating the migration temperature, and hence a 
possible vacancy recovery stage, is difficult. Peart (42) has 
obtained self-diffusion energies of 4.1 eV and 3.2 eV above 
and below 1350°C, respectively. Taking - 0.5 Egg, in 
analogy to other metals, gives a range of energies of 1.5 to 
2 eV. Since Peart's lower value may be due to an oxygen 
interaction or dislocation assisted motion the higher value of 
Ejjj is more likely correct. In any event, it may be assumed 
that vacancies migrate above range 3. 
The role of carbon in the observed recovery cannot be 
ignored. It was stated earlier that since the carbon and oxy­
gen Snoek peaks could not be separated, and that no value for 
the specific resistivity of carbon was obtained the presence 
of carbon could not be corrected for. Therefore, in the above 
94b 
treatment of the data the results and conclusions drawn for 
oxygen also apply to carbon, especially in the low and medium 
oxygen material. The important point to consider in this 
work is the role played by interstitial impurities, rather 
than intrinsic defects, in the 0.2 Tj^ recovery. 
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SUMMARY 
The neutron irradiation of vanadium at 80®K is character­
ized by the trapping of radiation produced interstitials at 
impurity atoms. In the limit of zero impurity, clustering of 
interstitials occurs, leading to a saturation effect caused by 
the excess concentration of vacancies. 
The recovery substage at 168°K could be described in terms 
of the detrapping of interstitials from oxygen, followed by 
their trapping at existing diinterstitials or annihilation at 
vacancies. The remaining substages up to the onset of the 0.2 
Tjji recovery were not identified. It was speculated that sub-
stages in range 2 are due to interstitial cluster coalescence. 
From the experimentally determined specific resistivity 
and relaxation strength of oxygen in vanadium, it was shown 
that the 0.2 Tj^ recovery stage was due to the removal of oxygen 
from solid solution. The initial part of the recovery obeyed 
the kinetics of one dimensional diffusion of oxygen to defect 
platelets or dislocation loops. 
It is recommended that future investigations of irradiated 
vanadium concentrate on the recovery in stages I and II in very 
pure material, followed by more detailed work in these regions 
in material containing known quantities of single impurities. 
Such information would be quite valuable interpreting the exact 
nature of defect traps in the 0.2 T^ recovery stage. 
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APPENDIX 
The defection of a torsionally oscillating damped pendu­
lum, projected onto a linear scale, is given by 
X = C e sin ut, (Al) 
where 2B is the damping constant and w = 2n times the fre­
quency. Taking logarithms at maximum deflections for times 
t = 0 and t = t Cn) gives 
X^ 
In %- = BCt^^tg] = Bnx, (AZ) 
n 
where T is the period and n the number of cycles. Then 
1 Xm 6 = Bx = i  In ^ , CA3) 
^ ^n 
where 6 is called the logarithmic decrement, which gives the 
damping of the oscillator. 
The time derivative of (Al) gives the velocity, so at 
zero displacement 
-Bt V = X = wCe 
and 
« = i  In ^ (A4) 
n 
If it is assumed that the velocity is constant over a small 
displacement s at X = 0, then v^ = s/t^ and 
1 t_ 
6 = — In ^ . (A5) 
Here t^ is the time required to traverse s. In the present 
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system a point light source reflected by a mirror on the 
pendulum shaft sweeps across two photoresistors 5 mm apart 
which start and stop a megacycle oscillator, thereby measur­
ing the sweep time t^. The period is measured when only one 
of the photoresistors is used to start and stop the oscilla­
tor. 
